IMPORTANCE Attention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorder (ASD) are believed to partially share genetic factors and biological influences. As the number of children with these diagnoses rises, so does the number of younger siblings at presumed risk for ADHD and ASD; reliable recurrence risk estimates within and across diagnoses may aid screening and early detection efforts and enhance understanding of potential shared causes.
A ttention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorder (ASD) are 2 common and highly heritable 1,2 neurodevelopmental disorders. 3,4 Evidence of their shared heritability is mixed, with familial and twin studies suggesting an association, 5-7 but molecular studies calling this into question. 8 These disorders appear to share some genetic factors 9 and biological pathways, 10 although divergences in their neurobiological, cognitive, and genetic profiles are apparent. [11] [12] [13] Although some findings may be accounted for by the co-occurrence of ADHD and ASD 13 and others by heterogeneity within the 2 conditions, 14 it remains unclear how related these disorders are etiologically. It is important to further characterize the degree of shared etiologic risk across these impairing, prevalent, and complex conditions.
Recurrence risk among siblings is a common way to measure shared genetic contributions. Recurrence risk estimates in families, not to be confused with recurrence within an individual, are also helpful clinically (eg, screening, genetic counseling). However, numerous confounders can obscure recurrence risk estimates for familial disorders. The most important confounder, and the one addressed herein, is that these estimates are often based on the total number of siblings within a family rather than being limited to later-born siblings and can therefore be influenced by reproductive stoppage. That is, if families decide to have fewer children after a child develops ADHD or ASD, risk is underestimated. This limitation can be addressed by examining sibling recurrence in families who have had at least 1 child after the diagnosis of ADHD or ASD in an older child. 15, 16 Previous studies focused only on later-born siblings of children with ASD have documented higher-and potentially more accurate-rates of recurrence of ASD 16, 17 than those relying on other methods. To our knowledge, none have used the later-born sibling method to examine recurrence risk of ADHD, although studies examining concordance among all siblings of children with ADHD, irrespective of birth order, have documented elevated rates of ADHD. 18, 19 The crucial issue of shared etiologic factors, however, concerns cross-aggregation of ADHD and ASD among later-born siblings. This, to our knowledge, has not been studied, even though ADHD rates generally are elevated in siblings of children with ASD, 6,20 and higher rates of ASD have been reported in firstdegree relatives of individuals with ADHD. 5 As implied above, prior reports documenting familial cross-aggregation-a potential proxy for shared genetic influences-could also be biased by stoppage. This study sought to close this gap in the literature.
Using population-based medical records, our goals were to examine the degree of familial aggregation in ASD and ADHD by (1) replicating prior studies of recurrence risk of ASD among laterborn siblings of children with ASD, (2) providing what we believe to be the first estimate of recurrence risk of ADHD among laterborn siblings of children with ADHD, and (3) providing initial estimates of familial cross-aggregation of recurrence of both disorders among later-born siblings.
Methods

Data Extraction and Participants
Deidentified data were extracted from medical records of the Marshfield Clinic, a large regional health care system in the upper Midwest, and Kaiser Pacific Northwest, an integrated, group-model, nonprofit health plan in Oregon and Washington.
Patient bases of both health care systems are demographically representative of the service areas in which they are located (approximately 95% and 80% white, respectively). The institutional review boards of both health care systems approved this study and no written informed consent was needed. Data extraction and participant identification processes are depicted in the eFigure in the Supplement.
The full data set extracted from Marshfield Clinic included all children aged 0 to 18 years seen between January 1, 1995, and December 31, 2013 (n = 10 522). The full data set from Kaiser Pacific Northwest included all children born to parents with the health plan between January 1, 1998, and May 17, 2010 (n = 46 032). The present study was conducted from October 2, 2017, to August 14, 2018 . Both systems included a maternal identifier variable for the identification of siblings. Each data set was originally extracted to address a unique, separate set of hypotheses from those addressed herein, resulting in the following overlapping variables examined in this study: child ADHD diagnosis, child ASD diagnosis, child biological sex, maternal age at delivery, and gestation duration. To reduce false-positives, child diagnosis was indicated when International Classification of Diseases, Ninth Revision-Clinical Modification, codes 314.00 or 314.01 for ADHD or 299.00, 299.80, or 299.81 for ASD were recorded at least twice in the medical record. Both practices completed universal ASD screenings for children aged 18 to 24 months; those screening positive underwent a multidisciplinary evaluation. If a child was identified as having both ASD and ADHD, the ASD diagnosis was considered primary for analyses; at the time these children were evaluated, Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, did not include dual diagnosis of ASD and ADHD, although some children had both documented. Children with neither ADHD nor ASD were considered nondiagnosed comparison youths.
In selecting the final sample, all children younger than 5 years at the time of data extraction were excluded. We reasoned that this criterion was a sensible compromise to avoid most falsenegatives, given the median age of diagnosis of ASD (4.2 years 4 ) and ADHD (6.2 years necessity of identifying later-born (ie, younger) siblings' familial risk status by way of an earlier-born (ie, older) sibling's diagnosis. If there were no other siblings within the family, twin pairs were treated as singletons and excluded since neither could be considered later-born; otherwise, 1 twin was randomly selected for inclusion.
Proband and Later-Born Sibling Identification
An earlier-born (older) sibling proband from each family was identified to determine each later-born sibling's familial risk status. We use the term familial risk throughout to conform with convention while acknowledging that it does not take into account nonsibling familial risk. Probands were considered to be either the first (ie, oldest) diagnosed child in affected families or, among families with no children with either diagnosis, the earliest-born child. More specifically, in 2-child families, the proband was always the earlier-born child. In families with 3 or more children, the ADHD or ASD proband was considered to be the oldest child with the diagnosis. That is, if a middle child was the oldest child identified with ASD or ADHD, that child was treated as the proband and earlier-born children were excluded, because the perceived liability for laterborn siblings changed when the middle child was diagnosed.
Later-born siblings were classified into 1 of 3 groups based on their earlier-born sibling's diagnosis: ADHD risk (ie, laterborn siblings of a proband with ADHD), ASD risk (ie, laterborn siblings of a proband with ASD), and no known risk (ie, later-born siblings of a proband with no known diagnosis and no other earlier-born siblings with a diagnosis of ADHD or ASD).
After applying these criteria, the final sample consisted of 26 871 individual children (n = 875 with ADHD; n = 223 with ASD) born to 11 696 different mothers. Of these 11 696 mothers, 9004 (77.0%) contributed data for 2 children, 2100 (18.0%) contributed data for 3 children, 425 (3.6%) contributed data for 4 children, and 167 (1.4%) contributed data for 5 or more children. Of the 26 871 children, 559 (2.1%) were identified as ADHD probands, 126 (0.5%) as ASD probands, and 11 011 (41.0%) as nondiagnosed probands. The remaining 15 175 later-born siblings were classified by familial risk status based on the proband's diagnostic status: 730 (4.8%) with ADHD risk, 158 (1.0%) with ASD risk, and 14 287 (94.1%) with no known risk. Table 1 reports sample characteristics.
Statistical Analysis
We first conducted 3 separate hierarchical generalized linear models for binomial variables to examine the diagnostic outcomes of ADHD, ASD, or no diagnosis in later-born siblings. Models focused on estimating the probability of diagnostic outcomes as a function of familial risk status (ie, no known risk, ASD risk, ADHD risk). In the logistic model examining ADHD outcomes, the comparison group included children with no diagnosis as well as those with ASD. Conversely, for the model examining ASD outcomes, the comparison group included children with no diagnosis as well as those with ADHD. The third logistic model involved a comparison between children with either ASD or ADHD (ie, diagnosed cases) vs children with no diagnosis. Random effects for site and family (to account for younger siblings from the same family)-functionally similar to covariance-were included.
Next, in a second set of analyses, we added to the models described above and, as a sensitivity analysis, examined, individually, later-born sibling sex, proband sex, gestational age, and maternal age as additional explanatory variables above and beyond familial risk status and whether these additional variables moderated the association between familial risk status and later-born sibling diagnosis. Main and interaction effects between familial risk status and putative moderators, as well as the interaction between proband sex and later-born sibling sex, were evaluated by comparing fit statistics between successive nested models with and without the effect of interest (where the difference of log-likelihood ratios was tested using χ 2 analysis). All tests were 2-tailed with α = .05. Tests were unpaired given that there were no repeated measures. Analyses were conducted in R, version, 3.2.0, 22 using the glmer function from the lme4 package. 23 
Results
Outcome Diagnoses Among Risk Groups
Across all children in the sample (ie, later-born siblings and probands), the incidence of ASD was 0.8% and of ADHD was 3.3%.
Results revealed an association with familial risk status for each model (P < .001). Absolute percentages, odds ratios (ORs), and 95% CIs are presented in Table 2 . With respect to a diagnostic outcome of ASD compared with non-ASD, the odds of an ASD diagnosis were approximately 30 times higher (OR, 30.38; 95% CI, 17.73-52.06) for the ASD-risk siblings than the no-known-risk siblings and almost 7 times higher (OR, 6.99; 95% CI, 3.42-14.27) than the ADHD-risk siblings. Although the specificity of risk to ASD confirms some separation of etiologic factors, the odds of an ASD diagnosis were more than 4 times higher (OR, 4.35; 95% CI, 2.43-7.79) for the ADHD-risk siblings than the no-known-risk siblings, suggesting partially shared underpinnings of ADHD and ASD.
For an outcome diagnosis of ADHD, the odds were 13 times higher (OR, 13.05; 95% CI, 9.86-17.27) for the ADHD-risk siblings compared with the no-known-risk siblings and, compared with the ASD-risk siblings, the odds of an ADHD diagnosis were approximately 3.5 times higher (OR, 3.53; 95% CI, Thus, our hypotheses were supported: later-born siblings of children with ASD had higher odds of being diagnosed with ASD or ADHD compared with no-known-risk siblings, and later-born siblings of children with ADHD had higher odds of being diagnosed with ADHD or ASD compared with no-known-risk siblings. Liability for either diagnosis did not differ between risk groups. A small number of later-born siblings had both ADHD and ASD (n = 19). Results did not change when removing comorbid cases from analyses; they were therefore retained.
Moderators of Outcome Diagnosis
As a sensitivity analysis, we next considered whether laterborn sibling sex, proband sex, later-born sibling gestational age, and/or maternal age predicted diagnostic outcomes beyond familial risk status, and whether these variables moderated the predictive effect of familial risk status.
For the model examining ASD outcomes, only the main effect of later-born sibling sex was significant; the odds of an ASD diagnosis were 5.65 times higher (95% CI, 3.24-9.85) for boys than girls. No other main or interaction effects were significantly related to ASD outcomes.
For the model examining ADHD outcomes, the effect of later-born sibling sex was again seen, with the odds of an ADHD diagnosis 2.60 times higher (95% CI, 2.05-3.31) for boys than girls. There was a significant main effect for proband sex, with odds of an ADHD diagnosis 1.34 times higher (95% CI, 1.07-1.68) for later-born siblings of female probands than male probands. The interaction between proband sex and later-born sibling sex was marginally significant such that male siblings of female probands were at greatest risk for ADHD (male vs female siblings of female probands: OR, 3.37; 95% CI, 1.48-7.67). Maternal age had an additive effect and interacted with familial risk status; as maternal age increased from 20 to 50 years, the probability of ADHD diagnosis decreased for the no-known-risk (from 2.8% to 0.25%) and ADHD-risk groups (from 18.5% to 13.3%) but increased for the ASD-risk group (from 4.0% to 10.4%). There was no association with gestational age.
Discussion
We examined sibling recurrence risk for ASD and ADHD in a population sample. Analyses were restricted to families with at least 1 child born after the proband with a diagnosis, addressing a key methodologic problem with prior investigations (ie, stoppage).
As expected, we found elevated rates of ASD recurrence in later-born siblings of children with ASD, replicating prior work; 12.03% of the later-born siblings of children with ASD were diagnosed with ASD vs 0.45% of the later-born siblings of nondiagnosed probands. This estimate among the laterborn siblings of children with ASD is somewhat lower than estimates from prospective infant sibling designs, 17 possibly owing to their use of direct assessment and standard diagnostic procedures to which we did not have access, or to sampling biases (eg, medical record data vs volunteer enrollment). Nonetheless, our findings confirm elevated odds of ASD among later-born siblings of children with ASD. Also as expected, later-born siblings of children with ADHD were at heightened risk for developing ADHD; 12.47% of the later-born siblings of children with ADHD were diagnosed with ADHD vs 1.53% of the later-born siblings of nondiagnosed probands. To our knowledge, no prior work has examined rates of ADHD among later-born siblings of children with ADHD. However, our finding mirrors prior research documenting higher rates of ADHD among family members of diagnosed individuals 5,18,24 while addressing the issue of reproductive stoppage. These findings suggest the potential utility of prospective family risk designs to ADHD, while also providing more useful estimates of recurrence risk for genetic counseling. The most novel finding concerns later-born sibling crossaggregation. In addition to being at greater risk for ASD, laterborn siblings of children with ASD were also more likely than no-known-risk siblings to be diagnosed with ADHD. Similarly, later-born siblings of children with ADHD were at heightened risk for ASD compared with children at no known risk. The results provide 2 types of validation. The fact that ASD was more common than ADHD in the siblings of ASD probands and ADHD was more common than ASD in the siblings of ADHD Results from our models collapsing across outcome diagnosis also suggest similar degrees of neurodevelopmental liability between these elevated risk groups, with implications for nosology and in support of the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), decision to place ADHD in the neurodevelopmental category with ASD. 27 We found a relatively low incidence of both ASD (0.8%) and ADHD (3.3%) in our full sample compared with population identification rates. 4, 28 This level may be due to our conservative definitions of ADHD and ASD: cases were counted as positive only if identified at 2 or more points. We thus hope to have avoided false-positives, but potentially at the expense of false-negatives. Although the recurrence risk estimate for ASD in the present study is lower than estimates from prospective studies on high-risk infants, it is similar to estimates from studies using comparable methods (ie, medical records).
29-31
Recent changes in diagnostic criteria for ASD were also not captured since data were extracted before the publication of DSM-5; changes in diagnostic definitions may have influenced prevalence rates. 32 Likewise, the identification rate seen here for ADHD is similar to the most sophisticated estimates from meta-analyses of ADHD's true prevalence, 33 suggesting our case selection method was reasonable. With respect to moderators, our findings are generally consistent with previous work. Boys were at increased risk for both ADHD and ASD, which is well documented.
4,28 Later-born siblings of girls with ADHD were marginally more likely to receive an ADHD diagnosis than later-born siblings of male probands, echoing recent population-based work. 34 Maternal age interacted with risk status as expected for ADHD outcomes in the ADHD-risk and no-known-risk groups, 35 although not for ASD outcomes. 36 Overall, the variables examined generally did not moderate recurrence risk effects.
Limitations
This study has limitations. Although this was a population sample, it was not epidemiologically ascertained, nor was it necessarily ascertained before parental concerns about the later-born siblings. This limitation is mitigated somewhat by our decision to use samples of all children born to parents within the health plan or seen in a general clinic setting vs psychiatry or mental health clinics. We also did not have information regarding half-vs full-sibling status, potentially leading to underestimation of familial effects, nor did we have full information on parental psychopathology, comorbidities, birth complications, or other potential confounders, all of which are worthy of consideration. Whether reproductive stoppage or other related factors (eg, interpregnancy interval) are differentially influenced by ASD vs ADHD is beyond the scope of the present study but is an important future direction for research. We could not account for comorbidity between ASD and ADHD because of small cell sizes and issues surrounding prior diagnostic criteria that prohibited comorbid diagnoses. This lack of information is unlikely to account for the ADHD-to-ASD effect or the ADHD-to-ADHD effect, but we are unable to assess how it might alter the ASD-to-ADHD transmission observed. Finally, data were drawn from general medical records, so clinicians did not necessarily use standardized diagnostic procedures. However, the relatively low identification rates achieved by our requiring 2 or more instances of a given diagnosis, and the fact that these correspond relatively well to true prevalence estimates, suggest that this approach did not result in much overidentification.
Conclusions
Overall, the results of this study enhance etiologic and clinical understanding. Etiologically, our findings of sibling crossaggregation are consistent with partially shared genetic mechanisms underlying ASD and ADHD. Thus, results may be useful for future genetic studies and prospective, genetically informed research. Clinically, later-born siblings of children with ASD and ADHD appear to be at elevated risk within and across diagnostic categories and thus should be monitored for both disorders. This finding replicates prior work in ASD 17 and provides, to our knowledge, the first estimate of recurrence risk for ADHD among later-born siblings. Practitioners may wish to share such information with families given the potential relevance of monitoring social communication, attention, and behavior regulation skills in later-born siblings of children with ASD or ADHD.
